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ABSTRACT: The molecular design of redox-responsive interactions can unlock
new pathways for enantioselective separations. While chiral redox molecules are
powerful platforms for molecular recognition, their implementation in
enantioselective separations has remained elusive due to limitations in
enantioselectivity and a lack of robust redox electrosorbents. Here, we design
a redox-responsive polymer with planar chirality that can achieve exceptional
enantioselectivity for the separation of biomolecules. Planar chirality is generated
through the insertion of a substituent onto the cyclopentadienyl ring of an
oxazoline-conjugated ferrocene with the stereochemical synthesis route guided
by the point chirality at the oxazoline moiety. These planar chiral ferrocenes
demonstrated significantly stronger enantioselective interactions than the
equivalent ferrocenes with only point chirality. Electronic structure calculations
revealed the key role of planar chirality, where the inserted functional groups can
either coordinatively or antagonistically contribute to complexation, resulting in
enhanced enantioselective interactions. Planar chiral metallopolymers were synthesized and evaluated for electrochemical
enantioselective adsorption of N-Boc−proline, with over 99% enantiomeric excess achievable within seven theoretical stages in a
multistage cascade. Planar chirality combined with redox electrochemistry offers a promising path for electrochemically mediated
enantioselective separations.

■ INTRODUCTION
Redox-responsive materials with tunable material properties
upon electron transfer have been leveraged for a broad range of
applications, including immunotherapy,1 actuators,2 ion trans-
port and separation,3,4 as well as chiral catalysis and sensing.5−7

Recently, redox-mediated separations have gained significant
attention in selective ion separations due to the control of
specific interactions and enhanced adsorption capacity.3 In
parallel, chiral redox molecules have provided versatile
platforms for enantioselective recognition.8,9 However, the
successful deployment of redox-responsive materials for chiral
separations has been elusive due to limitations in enantiose-
lectivity and synthesis hurdles to create efficient building
blocks for the chiral selectors. In the current work, we impart
planar chirality onto a ferrocene-based metallopolymer to
enhance enantioselective interactions and enable the electro-
chemical purification of enantiomers.
Metallopolymers are promising platforms due to their

synthetic versatility and redox activity. Ferrocene (Fc)-based
polymers enable reversible ion sorption,10 where the electro-
chemical oxidation of Fc to ferrocenium (Fc+) drives anion
binding.11−14 Furthermore, metallocene building blocks allow
for the modular insertion of planar chirality by synthetic
routes.15 Planar chirality strains the molecular conformation,

inducing a strong steric effect15 which can enhance the overall
chirality of a molecule and lead to highly regioselective
biological and catalytic activity.16,17 Thus, planar chiral
ferrocenes are promising building blocks for redox polymers
that enable enantioselective separations. Despite their intrigu-
ing properties, planar chiral ferrocenes have been studied
mainly as a chiral precursor or catalyst in the homogeneous
phase18 with no application in electrochemical separations.
Chiral separation is central to the pharmaceutical and

biotechnology industries. Over 50% of the new FDA-approved
molecules are chiral, and 90% of them are enantiopure.19,20

Chiral chromatography has been extensively studied with an
emphasis on the material development of synthetic and natural
chiral stationary phases.21 However, these chromatographic
processes can be intrinsically slow and chemically demand-
ing.22 For example, the environmental factor (E factor; a waste-
to-product ratio) of the pharmaceutical industry is among the
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highest in chemical manufacturing,23 with chromatographic
separation being one of the largest contributors to waste
generation.24 Thus, pathways for reducing waste and
improving efficiency are needed in enantioselective separa-
tions.
Redox-responsive materials are an emerging platform for

providing environmentally benign and efficient separation
processes for a variety of target molecules, including organic
anions,10 transition metals,11,13,25 homogeneous catalysts,12,26

and organohalides.10,27 Electrochemical control of adsorption
can minimize the chemical input and waste generation.
However, redox-responsive chiral interfaces to date have
been limited to sensing and molecular recognition.28,29 Thus,
redox-responsive heterogeneous interfaces with sufficient

chirality and binding reversibility can be powerful platforms
for enantioselective separations.
In this work, we pursue a bottom-up design for the chiral

redox-responsive macromolecules by creating planar chiral
ferrocene building blocks that enable unique enantioselectivity.
Our synthetic strategy utilizes chiral-2-oxazolines as the
directing group for ortho-lithiation in ferrocene, with the
careful choice of the inserted group being a fundamental step
for the design of successful chiral selectors. Homogeneous
molecular recognition measurements reveal that the planar
chiral ferrocenes interact with target carboxylates with a higher
degree of enantioselectivity than ferrocenes possessing only
point chirality. The planar chiral building blocks are then
incorporated into a redox metallopolymer, which is used as an
electrosorbent matrix. The functionalized electrodes with a

Figure 1. (a) Scheme of the proposed redox-mediated enantioselective separations. Clockwise from the top-left circle: introduction of a racemic
mixture in contact with the chiral electrosorbent, then enantioselective binding driven by the oxidation potential, followed by release of adsorbed L

enantiomers under a reduction potential. (b) Structure of the chiral metallopolymers evaluated for enantioselective electrosorption in the current
work. (c) Design strategy for imparting planar chirality onto the ferrocene redox selectors. −CH3 or −SePh moiety is inserted in an ortho position
to chiral-2-oxazoline on the cyclopentadienyl ring of the ferrocene. (d) Target chiral molecules evaluated in this work for molecular recognition and
enantioselective separations.
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chiral redox polymer achieve the enantioselective separation of
amino acids through potential-assisted electrosorption and
release (Figure 1a). Density functional theory (DFT)
calculations reveal that noncovalent interactions of the
functional groups forming the planar chirality play either a
coordinative or antagonistic role toward the largely electro-
statics-driven Fc+ and carboxylate (COO−) interaction with
the target enantiomers, leading to the high enantioselectivity of
the planar chiral ferrocenes. A counter-current multistage
design using seven theoretical stages can achieve >99%
enantiomeric excess (%ee) for N-Boc−L−proline, demonstrat-
ing the applicability of these electrochemical platforms for
enantioselective purification.

■ RESULTS AND DISCUSSION
Design and Selection of Planar Chiral Platforms for

Enantioselective Interactions. Figure 1c shows the
molecular design of the planar chiral ferrocene selectors
studied in this work. Ferrocenes with two different functional
groups in adjacent positions on the cyclopentadienyl ring have
planar chirality. The molecular stiffness of ferrocene makes it
an ideal building block for creating chiral macromolecules, as
steric hindrance can facilitate the noncovalent interactions of
target molecules with the functional groups adjacent to
ferrocene. These effects can lead to stronger enantioselective
recognition and even macromolecular chirality in certain
cases.30−32

For the design of the chiral building blocks, a 2-oxazoline
moiety was chosen due to its point chirality, which can act as
the directing group to control the stereoselective ortho-
lithiation step for the introduction of planar chirality into
ferrocene. The functional groups selected for insertion onto
the cyclopentadienyl ring were methyl (−CH3) and selenium
phenyl (−SePh). Methyl was chosen as a relatively non-
polarizable, small alkyl group to serve as a control for probing
the effect of planar chirality against point chirality in its
simplest form. The insertion of the selenium phenyl group, on
the other hand, introduces a more disruptive group that can
have potential charge-transfer interactions as well as greater
steric hindrance than the methyl group. The phenyl group can
also provide a platform for CH···π or π···π interaction. Planar
chiral polymers based on these design principles were
synthesized either by radical polymerization of chiral ferrocene
monomers (poly(R, Rp) or (S, Sp)−SeOxF) or by function-

alization of a polymer with a chiral ferrocene monomer
(poly(S, Rp) −MeOxF) to be used as a redox-switchable
electrosorbent in enantioselective separation (Figures 1b,4).
N-Boc−amino acids (such as N-(tert-butoxycarbonyl)−

proline (Boc−Pro) and N-(tert-butoxycarbonyl)−histidine
(Boc−His) and Naproxen (Nap) in carboxylate form (Figure
1d)) were chosen as model target chiral molecules owing to
their anionic nature and importance as precursors for active
pharmaceutical ingredients (APIs).33 In our previous study on
molecular recognition, redox selectors possessing point
chirality had no selectivity toward Boc−Pro and naproxen
enantiomers in nonaqueous media despite possessing a strong
HB acceptor group (e.g., amide and amine).34

Here, we envision that the insertion of the planar chirality
can enhance the enantioselectivity of a chiral ferrocene
between target enantiomers beyond point chirality.

Synthesis and Characterization of Planar Chiral Redox
Molecules, Monomers, and Polymers. The (Sp) and (Rp)
diastereomeric pairs of two planar chiral redox ferrocenes
(MeOxF and SeOxF) were synthesized via non-selective ortho-
lithiation35 using chiral-2-oxazolines and a reaction with MeI
or PhSeSePh as an electrophile, followed by chromatographic
separation of the diastereomers. The enantioselective recog-
nition of each of the stereoisomers toward the target chiral
molecules was investigated to select the most optimal systems
for demonstrating enantioselective separations (Figure 2 and
Supporting Information for synthesis details). The nomencla-
ture rule proposed by Schlögl is used in this work to define the
absolute configuration of planar chiral ferrocene compounds.36

The optical property of the planar chiral redox selectors was
investigated using optical rotatory dispersion (ORD) and
circular dichroism (CD). The stereoisomers of both MeOxF
and SeOxF showed absolute values of the specific rotation
(between −459 and 440°) higher than those of (S)- and (R)-3
(−111 and 108°, respectively) (Table S1). Solution CD of the
stereoisomers of OxF, MeOxF, and SeOxF in acetonitrile
(MeCN) further confirmed their relative chirality (Figure
3a,b). The Cotton effect observed near 520 nm of the peak
wavelength with all stereoisomers was attributed to the d-d
electron transition of the iron in the ferrocene unit, ultraviolet
(UV)−vis spectra in Figure S52. Overall, ORD and CD
measurements showed that the addition of the planar chirality
with a methyl or selenium phenyl group enhanced the optical
properties of the stereoisomers compared to (S) and (R)−

Figure 2. Synthesis of the four stereoisomers for each of the planar chiral redox selectors, MeOxF and SeOxF, via a 2-oxazoline ring-directed ortho-
lithiation strategy.
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OxF. In cyclic voltammetry (CV) measurement, the half
potentials (E1/2) of the stereoisomers were similar to each
other within 5 mV (Figures 3c and S53). (S)−OxF had the
highest half potential (E1/2) (682 mV vs decamethylferrocene
(dmFc)), followed by (S, Sp)−SeOxF (662 mV vs dmFc) and
(S, Rp)−MeOxF (608 mV vs dmFc) owing to the electron-
donating groups −SePh37 and −CH3,

38 respectively (Table
S2).
For the synthesis of the chiral redox polymers, the

corresponding monomers were prepared by a diastereoselec-
tive strategy using the chiral-2-oxazoline ring as an inducer for
asymmetry35 (see Figure 4 and Supporting Information for
synthesis details). A polymer functionalization by the thiol−
ene reaction was used for poly−MeOxF, and a radical
polymerization with azobis(isobutyronitrile) (AIBN) was
used to create the final poly−SeOxF redox polymers. (R,
Rp)−/(S, Sp)−SeOxF and (S, Rp)−MeOxF were selected due
to their higher enantioselectivity toward Boc−Pro and Boc−
His enantiomers, respectively (Figure 6a,b). The solution CD
(Figure S65) showed that the small molecule, monomeric, and
polymeric forms of each (R, Rp) and (S, Sp)−SeOxF are similar
in CD intensity, with the opposite Cotton effect between the
enantiomers. Compared to their corresponding polymers, the
solid CD spectra of the monomers, mono-SeOxF and mono-
MeOxF, had a blue-shifted Cotton effect in the π-π* electron
transition region due to the longer conjugation with the vinyl
group than their polymers (Figures S66, S67). Two-dimen-
sional (2D) NOESY found intramolecular interactions of the
isopropyl group with the phenyl and backbone of the polymer
(Figure S68), and the redox activity of the ferrocene unit in the
polymers was confirmed by CV (Figure S70 and Table S4).
Redox-Mediated Enantioselective Recognition by Planar

Chiral Ferrocenes. Half potential shift (ΔE1/2) of the planar
chiral ferrocenes was utilized to probe a binding strength
between a chiral ferrocene and a target molecule in a
homogeneous solution, following methods established in the
literature.34 ,39 The half potential shift difference
(ΔΔE1/2 = ΔE1/2, L or (S) − ΔE1/2, D or (R)) was calculated to
compare the enantioselectivity of the chiral ferrocenes toward
the target molecules (Figure S56). The ΔΔE1/2 results show
that the planar chiral selectors generally had higher
enantioselectivity than the point chiral selectors in nonaqueous
aprotic media (Figure 5). (S, Rp)−MeOxF and (S, Sp)−SeOxF
were picked for further enantioselectivity comparison due to
their same planar chirality with respect to the oxazoline ring.
(S)−OxF, which contains the same point chirality with (S,
Rp)−MeOxF and (S, Sp)−SeOxF, was also tested. With Boc−
Pro enantiomers, (S, Sp)−SeOxF showed significantly higher

|ΔΔE1/2| (27.9 mV) than (S, Rp)−MeOxF (9.15 mV) and
(S)−OxF (1.70 mV). With Nap and Boc−His, (S, Rp)−
MeOxF had the highest |ΔΔE1/2| (15.0 mV for Nap and 8.22
mV for Boc−His). In addition, the point chiral selectors from
our previous work,34 N-(1-ferrocenylethyl) methacrylamide
and 2-((1-ferrocenylethyl)(methyl)amino) ethyl methacrylate,
showed little to no enantioselectivity (|ΔΔE1/2|=0.40−3.08
mV) for Boc−Pro, Nap, and Boc−His (molecular structures
and |ΔΔE1/2| reported in Figure S54). The molecular
recognition comparison among the OxF derivatives and the
point chiral ferrocenes from the previous work34 demonstrates
that planar chirality, even with the simple methyl group, can
enhance the enantioselectivity of a chiral redox selector.
Furthermore, the judicious target-specific selection of a
functional group for the planar chirality (e.g., −CH3 for Nap
and Boc−His and −SePh for Boc−Pro) plays an essential role
in the enantioselectivity.
Next, the enantioselective recognition of the stereoisomers

of OxF, MeOxF, and SeOxF was compared to study the
coordinative effect between the point and planar chirality
(Figure 6a,b). Boc−His and Boc−Pro were selected as the
targets because (S, Rp)−MeOxF and (S, Sp)−SeOxF showed
the highest |ΔΔE1/2| with them in the selectivity screening in
MeCN. Methanol (1−5% v/v), a protic solvent, was added
into the solution matrix because a decrease in the redox peak
of the OxF derivatives over the square wave voltammetry
(SWV) cycles was observed due to the irreversible oxidation of
the target molecules, and after the addition, the oxidation of
the targets was either absent or far away from the oxidation of
the OxF derivatives except for Nap (Figure S55). Water was
not considered an additive because methanol, a weaker protic
solvent, already decreased the enantioselectivity of SeOxF
(Figure S57).
The enantiomeric pair (R, Rp)−SeOxF and (S, Sp)−SeOxF

had the highest |ΔΔE1/2| (5.29 and 4.91 mV) with the opposite
preference to the Boc−Pro enantiomers �(R, Rp)−SeOxF had
a bigger negative potential shift with L−Boc−Pro (ΔΔE1/2 <
0) and (S, Sp)−SeOxF with D−Boc−Pro (ΔΔE1/2 > 0)
(Figures 6a and S59). The other enantiomeric pair, (R, Sp)−
SeOxF and (S, Rp)−SeOxF, had 2−6.5 times lower |ΔΔE1/2|
(0.81 and 2.43 mV) in the similar range with those of OxF and
MeOxF stereoisomers (0.50−2.80 mV), suggesting that the
(S) and (Sp) chirality in SeOxF (or (R) and (Rp)) led to a
synergistic effect on the enantioselective recognition toward
Boc−Pro enantiomers. For Boc−His, (S, Rp)−MeOxF showed
the highest |ΔΔE1/2| (15.40 mV) with a preference toward
Boc−D−His (Figure 6b). Its enantiomer (R, Sp)-MeOxF
showed a preference toward Boc−L−His (ΔΔE1/2 = −9.69

Figure 3. CD and CV of planar chiral redox selectors. (a, b) Circular dichroism of 10 mM OxF enantiomers, MeOxF diastereomers (a), and SeOxF
diastereomers (b) in MeCN. (c) Cyclic voltammetry of 1 mM (S)−OxF (black), (R)−OxF (brown), (S, Rp)−MeOxF (red), and (S, Sp)−SeOxF
(blue) in 0.1 M TBAPF6 MeCN.
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mV), confirming the chirality-induced enantioselective recog-
nition. The other enantiomeric pairs, (S, Sp)−MeOxF and (R,
Rp)−MeOxF, also had similar |ΔΔE1/2| (8.98 and 9.95 mV) as
well as the same target preference with their point chirality
counterparts ((S, Rp) and (R, Sp), respectively), implying that
the point chirality in MeOxF determined the preference
toward Boc−His enantiomers. OxF and SeOxF stereoisomers
showed marginal enantioselectivity toward Boc−His (Figures
6b and S60).
The free energy change of the binding (ΔG) between a

chiral selector and a target enantiomer was calculated from
empirical binding constants to investigate the selectivity of
binding through the difference in binding energy change
(ΔΔG = ΔGL − ΔGD). An isotherm obtained from the
voltametric response against different concentrations of the
target enantiomer by titration was used to track the gradual
cathodic voltametric shift of a selector. Equilibrium binding
constants K+ and K were obtained by fitting the potential shift
over the titration39 (Figure S63 and Table S3). ΔG of (S, Sp)−
SeOxF with Boc−D−Pro (−16.0 kJ/mol) was 1.5 kJ/mol
stronger than that with Boc−L−Pro (−14.5 kJ/mol). The

opposite was observed with (R, Rp)−SeOxF, for which ΔG
with Boc−L−Pro (−16.3 kJ/mol) was 2.1 kJ/mol larger than
that with Boc−D−Pro (−14.2 kJ/mol). These ΔΔG of 1.5−2.1

Figure 4. Synthesis of planar chiral redox metallopolymers. (a) Two-step synthetic route used in the syntheses of the poly(S,Sp)−SeOxF and
poly(R,Rp)−SeOxF isomers. (b) Three-step synthetic route used in the synthesis of the poly(S,Rp)−MeOxF. In both pathways, the respective
monomers were prepared through the diastereoselective ortho-lithiation strategy, followed by a radical polymerization step.

Figure 5. Comparison of the enantioselective recognition between a
point chiral ferrocene, (S)−OxF (black), and the planar chiral
ferrocenes (S, Rp)−MeOxF (red) and (S, Sp)−SeOxF (blue) based on
half potential shift differences (ΔΔE1/2) with Nap, Boc−Pro, and
Boc−His enantiomers in anhydrous MeCN.
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kJ/mol are in the same order of magnitude with π−π, dipole−
dipole, and weak hydrogen bonding40 and far above 0.46 kJ/
mol of minimum ΔΔG required for base separation in
chromatography.41 Overall, the results from the enantioselec-
tive recognition measurements for the planar chiral selectors
prove that the enantioselectivity can be dramatically increased
simply by inserting planar chirality at the redox unit.
Molecular Mechanism for Enantioselectivity in Planar

Chiral Ferrocenes. Electronic structure calculations were
carried out to probe the underlying mechanisms of
enantioselective binding between the target enantiomers and
chiral selectors. First, a geometry optimization using DFT was
carried out for pairs between positively charged planar chiral
ferrocenes ((S, Sp)−SeOxF, (R, Rp)−SeOxF, (S, Rp)−MeOxF,
and (R, Sp)−MeOxF) and anionic target enantiomers (Boc−
Pro and Boc−His) to identify their binding configurations
exhibiting enantioselectivity (Supporting Information for the
DFT method). Due to many possible interaction points, the
atomic charges on the (R, Rp)−SeOxF cation were first
analyzed, revealing positively charged terminal hydrogens and
Se (Figures S83, S84). These hydrogens were expected to

interact with the negatively charged oxygens of the target
carboxylates. Our hypothesis of [CH···O] interactions was
confirmed for a simpler model system using (R)−OxF and
formate (HCOO−) (Table S6). The formate result not only
brings insights into the binding motifs but also highlights how
the implicit solvation during geometry optimization resulted in
fewer points of contact and, on average, larger [CH···O] bond
lengths. Furthermore, the configurations with formate closer to
the functional groups were found to be thermodynamically
more stable than those far away. This observation hinted
toward the possibility of a favorable binding pocket formed
close to the planar chiral center.
We investigated binding for the complexes between (R, Rp)

or (S, Sp)−SeOxF and Boc−Pro enantiomer and complexes
between (S, Rp)−MeOxF and Boc−His enantiomer due to
their high experimental ΔΔE1/2 (Figure 6a,b). Learning from
the formate system, we generated initial guesses in the binding
pocket with several [CH···O] contacts (Table S7). Among all
of the binding configurations, the most stable complexes
always had carboxylate oxygens of the target molecule close to
the C−H termination of the cyclopentadiene ring of Fc+ of the

Figure 6. Enantioselective recognition of chiral ferrocene stereoisomers and DFT-optimized structures of the most stable binding geometry. (a, b)
Half potential shift difference (ΔΔE1/2) of chiral redox ferrocenes with Boc−Pro enantiomers in MeCN (2% MeOH v/v) (a) and Boc−His
enantiomers in MeCN (5% MeOH v/v). (c−f) Optimized binding geometry of (S, Sp)−SeOxF with Boc−L−Pro (c) or Boc−D−Pro (d) and (R,
Rp)−SeOxF with Boc−L−Pro (e) or Boc−D−Pro (f). C−H···O contacts under 2.6 Å and C−H···π interaction under 3 Å are marked using a dotted
line. Orange, yellow, gray, red, blue, and white balls represent Fe, Se, C, O, N, and H atoms, respectively.
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planar chiral ferrocenes. Typical [CH···O] bond lengths in the
complexes varied between 2.07 and 2.22 Å (Figures 6c−f and
S86, S87), suggesting a predominant electrostatics-driven
complexation. The proximity of several oppositely charged
atoms (Oδ‑ with Hδ+) allows further stabilization. The phenyl
group of SeOxF also enables an additional [CH···π] interaction
with the isobutyl group of Boc−Pro enantiomers with bond
distances between 2.63 and 2.80 Å (Figure 6c−f), further
stabilizing the complexes. Interestingly, the binding geometry
of SeOxF with the preferred enantiomer had shorter distances
of [COO−···Fc+] and [CH···π] than those with the other
enantiomer. The enantiomeric pair of the complexes between
SeOxF diastereomers and Boc−Pro enantiomers showed
mirror-imaged geometries, affirming the correctness of the
geometries obtained. The predicted ΔΔG (Figure S85)
confirmed the enantioselective binding affinity of (R, Rp) or
(S, Sp)−SeOxF toward one Boc−Pro enantiomer over the
other, in agreement with the empirically observed binding
preference (Table S3). Both the predicted and empirical ΔΔG
of (S, Sp)−SeOxF were 1.5 kJ/mol (Boc−D−Pro favored),

while the predicted ΔΔG of (R, Rp)−SeOxF was −3.5 kJ/mol
(Boc−L−Pro favored), higher than the empirical value of −2.1
kJ/mol.
The structures determining the enantioselectivity of (S,

Rp)−MeOxF toward Boc−His enantiomers showed [CH···O]
interactions as well. Interestingly, the complex between (S,
Rp)−MeOxF and Boc−L−His had two points of interaction
(Figure S86): an interaction between one H of the
cyclopentadiene ring and COO− of Boc−L−His and an
interaction between the methyl group composing the planar
chirality and COO−. On the other hand, Boc−D−His had a
single-point electrostatic interaction with (S, Rp)−MeOxF
(Figure S86b). The single-point interaction of Boc−D−His
showed more stable complexation than the two-point
interaction of Boc−L−His with an energetic difference of 1.4
kJ/mol (Table S8). This selectivity mechanism suggested that
the additional interaction was rather antagonistic toward the
interaction between the proton of the cyclopentadiene ring and
COO− owing to an unfavorable out-of-plane rotation. The
complex between (S, Rp)−MeOxF and Boc−L−His clearly had

Figure 7. Enantioselective separation using the planar chiral redox polymers. (a) Uptake and enantiomeric excess of Boc−Pro enantiomers
adsorbed by poly(S, Sp) or (R, Rp)−SeOxF under 0.34 V of oxidation potential or OCP in MeCN (2% MeOH v/v). (b) Uptake and enantiomeric
excess of Boc−His enantiomers adsorbed by poly(S, Rp)−MeOxF under 0.35 V of oxidation potential or OCP in MeCN (5% MeOH v/v). (c)
Equilibrium line for electrochemically assisted separation of Boc−Pro enantiomers drawn from empirical K+s of (R, Rp)−SeOxF (dotted light blue)
and experimentally obtained fraction of adsorbed Boc−L−Pro from the Boc−Pro mixture of different enantiomeric excesses (blue dots). 0.5 mM
enantiomer mixture and 20 mM TBAPF6 were used for all separation experiments. (d) Multistage counter-current cascade of the electrochemical
separation process, with %ee of L enantiomer listed against the number of theoretical stages. Ads and Des represent adsorption and desorption.
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a more in-plane orientation between the cyclopentadiene ring
and COO− than the other complex.
The nature of these noncovalent interactions was inves-

tigated by carrying out energy decomposition analysis with
ALMO-EDA42 with implicit solvent enabled. Roughly, all of
the target/selector pairs followed a similar energy decom-
position where the electrostatics dominate bonding (∼70% of
total interaction energy), with the remaining ∼10% coming
from polarization and ∼20% from charge transfer (Table S9
and Figure S88). Among the three energy contributions,
electrostatic interactions are expected to be affected the most
due to the consideration of implicit solvents. For example, on
the (R, Rp)−SeOxF/Boc−L−Pro pair (Figure 6e), the classical
electrostatics provide 301 kJ/mol stabilization, out of which
258 kJ/mol is screened due to the presence of solvent. Using
the same example pair, we tested the influence of the planar
chirality on selectivity; starting from the obtained geometry, we
obtained the (S, Rp)−SeOxF/Boc−L−Pro. We observed that
the switch of the isobutyl group away from the carboxylate
resulted in an energy increase of 0.036 eV, indicating a rather
more favorable interaction in its (R, Rp) state than that in (S,
Rp). Analyzing this pair’s energy decomposition reveals a
similar electrostatic contribution (−301 vs −299 kJ/mol for R,
Rp against S, Rp), with an overall 9 kJ/mol frozen energy
stabilization for the R, Rp enantiomer. This observation
suggests that despite the lack of clear binding modes with
the planar chiral center, long-range interactions determine the
relative stability of the complexes. Overall, the DFT
calculations revealed the important role of planar chirality, of
which functional groups can either coordinatively or
antagonistically contribute to complexation, playing a key
role in enantioselective discrimination. The calculations
elucidated the known [CH···O] and [CH···π] interactions,
with the energetic selectivity predictions largely matching the
empirical observations. EDA calculations quantified the
important role of long-range electrostatics in complexations
that determine the enantioselectivity.
Enantioselective Separation using Planar Chiral Polymer

Electrodes. Redox-switchable chiral electrodes were fabricated
by drop-casting the redox-polymer solutions onto a carbon
paper strip, with the enantioselective adsorption being carried
out with a medium containing racemic N-Boc−amino acid
(Supporting Information for fabrication details). Scanning
electron microscope (SEM) images with EDS mapping of key
elements showed that the chiral polymers were well-distributed
on carbon paper (Figure S69). Poly(R, Rp) or (S, Sp)−SeOxF
were used to separate the Boc−Pro enantiomers, and poly(S,
Rp)−MeOxF was evaluated for Boc−His enantiomers,
following the results from the corresponding small molecules
which showed the highest |ΔΔE1/2| against each chiral
selectors.
The adsorption was conducted either under an applied

potential where the ferrocene moieties in the polymer can be
oxidized or at open circuit potential (OCP) where the
ferrocene unit remained neutral (Figure S71). An applied
potential for adsorption was carefully selected to oxidize only
the polymers without side reactions, such as the oxidation of
the target N-Boc−amino acids, based on their linear sweep
voltammograms (Figure S72). Under OCP, poly(R, Rp)−
SeOxF adsorbed more Boc−L−Pro (7.5 mgBoc−L−Pro/gsite)
than Boc−D−Pro (3.2 mgBoc−D−Pro/gsite) while poly(S, Sp)−
SeOxF favored adsorption of Boc−D−Pro (6.2 mgBoc−D−Pro/
gsite) over Boc−L−Pro (3.8 mgBoc−L−Pro/gsite) with the

enantiomeric excess of adsorbed Boc−Pro being 43.2%ee
and −21.9%ee (Figure 7a). This enantioselective preference of
the SeOxF polymers observed in the adsorption agreed with
the binding affinity of their corresponding small molecules (R,
Rp)−SeOxF and (S, Sp)−SeOxF toward Boc−Pro enantiomers
observed in the molecular recognition (Figure 6a). Under the
oxidation potential of 0.34 V (vs Ag/AgNO3), poly(R, Rp)−
SeOxF showed increased uptake of both Boc−L and Boc−D−
Pro (32.6 and 18.8 mgBoc−Pro/gsite, respectively) with 26.4%ee.
Lower uptake (11.5 and 10.4 mgBoc−Pro/gsite) and selectivity
(7.0%ee) of poly(S, Sp)−SeOxF than those of poly(R, Rp)−
SeOxF was likely to be attributed to its molecular weight 1.4
times higher than that of (R, Rp), which could cause the lower
utilization of the chiral binding sites. Adsorption at 0.40 V (vs
Ag/AgNO3) showed −1.7%ee, implying that selecting a rather
moderate oxidation potential is a key to optimal uptake and
enantioselectivity (Figure S77).
The release of the adsorbed Boc−Pro was conducted under

a reduction potential of −0.50 V (vs Ag/AgNO3) and showed
up to 66−78% regeneration for both Boc−Pro enantiomers
(Figure S78). The enantioselective adsorption of Boc−His
using poly(S, Rp)−MeOxF under OCP and 0.35 V vs Ag/
AgNO3 was favorable toward Boc−D−His (25.1 and 18.5%ee,
respectively) (Figure 7b) in agreement with the stronger
affinity of (S, Rp)−MeOxF toward Boc−D−His (Figure 6b).
The uptake at 0.35 V (vs Ag/AgNO3) (41.3 mgBoc−D−His/gsite
and 25.6 mgBoc−L−His/gsite) was similar to that under OCP
(35.8 mgBoc−D−His/gsite and 24.7 mgBoc−L−His/gsite) because
of the low electronic conductivity of the polymer film due to
the disulfide cross-linking, limiting the binding sites only to the
electrode surface. This low conductivity also resulted in low
regeneration of Boc−His upon reduction potential (Figure
S79).
A multistage adsorption cascade is proposed to achieve an

enantiopure end product based on counter-current stage
designs of relevance to industrial separation processes.43,44

Poly(R, Rp)−SeOxF was evaluated for electrosorption in a
solution of different fractions of Boc−Pro, and an equilibrium
line was also drawn from empirical K+s assuming the
competitive Langmuir adsorption45 (Figure 7c and Supporting
Information). The Boc−L−Pro favorable adsorption by
poly(R, Rp)−SeOxF was observed over the range of XBoc−L−
Pro between 0.1 and 0.9, in agreement with the equilibrium
line. A multistage cascade, with the redox polymer as the active
sorbent, consists of sets of two electrochemical cells that cycle
the chiral electrode between the adsorption and desorption cell
while a counter electrode is used as an electron sink/source
(Figure 7d). The L-enriched solution after desorption is
transferred to the next stage, while the postadsorption D-
enriched solution is transferred to the previous stage in a
counter-current manner. The equilibrium line suggests that
from a racemic Boc−Pro mixture, 99%ee can be achieved
within seven theoretical stages (Table S5). Going forward,
alternative implementation formats of the redox chiral
electrosorbents include electrochemically modulated chroma-
tography mode.46 In general, we envision that the current work
provides a proof-of-concept for the applicability of the planar
chiral polymers for redox-mediated chiral separation, being
able to achieve electrochemically controlled performances that
can lead to an enantiopure product in practical processes.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c01571
J. Am. Chem. Soc. 2025, 147, 17880−17889

17887

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01571/suppl_file/ja5c01571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01571/suppl_file/ja5c01571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01571/suppl_file/ja5c01571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01571/suppl_file/ja5c01571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01571/suppl_file/ja5c01571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01571/suppl_file/ja5c01571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01571/suppl_file/ja5c01571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01571/suppl_file/ja5c01571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01571/suppl_file/ja5c01571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01571/suppl_file/ja5c01571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01571/suppl_file/ja5c01571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01571/suppl_file/ja5c01571_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c01571/suppl_file/ja5c01571_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c01571?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ CONCLUSIONS
In this work, highly specific enantioselective interactions were
achieved using redox selectors with planar chirality. The single-
site binding concepts in the homogeneous phase were
translated to planar chiral metallopolymers, which were then
leveraged as electrosorbents for the electrochemically con-
trolled selective adsorption and release of amino acid
enantiomers. Synthesis pathways based on oxazoline chemistry
were shown to lead to precise molecular control of both planar
chirality and point chirality. Planar chirality was shown to be
the dominant mechanism for enantioselective interactions for a
range of biomolecules, with the specific strength of the
interaction dependent on the functional groups inserted into
the cyclopentadienyl ring. Electronic structure calculations
revealed that the enantioselectivity was mainly attributed to a
synergistic effect between the functional groups forming the
planar chirality, as opposed to the point chirality on the
oxazoline. Monomers with the planar chiral selectors were
synthesized and polymerized for use as electrosorbents.
Electrochemically mediated enantioselective adsorption and
release were carried out, and a high enantiopurity (>99%ee) of
the Boc−Pro enantiomer was achieved in a cascade electro-
chemical process within seven theoretical stages. These
ferrocene-based planar chiral systems offer a unique platform
for electrochemically controlled enantioselective separations.
In the long term, we envision next-generation molecular
innovations on this concept, coupled with electrochemical
systems design, to be deployable as practical separation
platforms for API and biomolecular purification.
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